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RAPIDDE’2ERMINATIONOFCOREDIMENSIONSOF CROSSFLOW

GAS-TO-GASHEATEXCHANGERS

ByAnthonyJ.DiaguilaandJohnN. B.Li.vingood

A generalized procedureis
minationofthecorelengthsof
Theinletstatesof eachfluid,
fluid,therequiredtemperature

SUMMARY

presentedwhichpermitsa rapiddeter-
crossflowgas-to-gasheatexchangers.
theavailablepressuredropsforeach
changeofonefluid,thefluidheatca-

pacities,andthecoreconfigurationmustbe prescribed.Coredimensions
fortwoselectedcoreconfigurationswithidenticalfluidconditionsand
foroneconfigurationwithdifferentfluidconditionsaredeterminedfrom
severaltrialsolutionsandapplicationof a generalizedchart.

.

INTRODUCTION
.

Recentlytheapplicationof gas-to-gas
thetemperatureoftheairusedforcooling

heatexchangers
theturbinesof

forreducing
high-

temperatureaircraftengineshasreceivedconsideration.Forthistype
ofapplication,compressorbleedaircanbe usedfortheprimaryair
md rsmaircanbe usedforthesecondaryair. Theramairisusedto
reducethetemperatureofthecompressorbleedair,and,as a consequence,
to reducethesmountof compressorbleedairrequired.Theinletstates
of eachfluid,theavailablepressuredropsforeachfluid,therequired
temperaturechangeof onefluid,andtheheatcapacitiesofeachfluid
areusuallyprescribed.Crossflowthroughtheexchangerisassumed;this
generallysimplifiestherequiredsystetuofducting.

Sincelightweight,smallvolume,andsmallfrontalareaareof
primaryimportanceinthistypeof application,compactheatexchangers
(likethosereportedinref.1)aredesirable.Normally,underthecon-
ditionsstated,thedeterminationofthedimensionsof a heatexchanger
ofa givencoreconfi~ationby a proceduresuchasthatpresentedin
reference1 becomesa lengthytrial-and-errorprocess.Reference2,how-
ever,presentsa graphicalprocedurewhichinvolvestheconstructionof

.

.
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a seriesof chartsandthreetrialcalculationsto determinethedimen-
sionsofa specifiedheat-exchangercoreconfigurationfora prescribed
setoffluidconditions.Thismethodofdeterminingheat-exchangersize ‘ -
is shorterandlesstimeconsumingthantheprocedureofreference1.

Inmanyinstancestheparticularcoreconfigurationwhichismost
suitablefora givenheat-exchangerapplicationcannotbe specified
readily.Consequently,itisoftennecessaryto considerseveralcore
configurationsanddeterminetheresultingheat-exchangerdimensions.
Whenthemethodofreference2 iSapplied,toa nwber of~fferentcore t
configurationsandfluidconditions,a newsetof chartsmustbe con- “$
struttedforeachconfigurationor conditionconsidered.Thus,eventhe
methodofreference2 becomesrelativelylengthyandtimeconsumingwhen
theheat-exchangersizeisdeterminedfora nuniberof coreconfigurations
andfluidconditions.

—

Recentlya generalizedprocedureapplicabletothisproblemhasbeen
developedattheNACALewislaboratory.A chartis constructedin sucha
waythatitsuse,inconjunctionwithseveraltrialsolutions,will.permit
thefinalcalculationofheat-exchauger.corelengthsfora rangeofpre-
scribedconditionsandcoreconfigurationsandtherebyeliminatethecon- .
structionofnewchartsfordifferentcoreconfigurationsorfluidcon-
ditionsasrequiredbythemethodofreference2. Thepurposeofthis
reportistopresentthisgeneralizedprocedureandillustrateitsus,e
indeterminingthesizesoftwoofthecoreconfigurationsshownin fig- ‘“- .,

.x—

ure1 foridenticalprescribedfluidconditionsandofonecoreconf@u-
rationfordifferentprescribedfluidconditions.

A

AF

AC

CP

d

f

g

SYMBOLS

Thefollowingsynibolswithconsistentunitsareusedinthisreport:

heat-transferarea

frontal.area

minimumfree-flowarea

specificheatat constantpressure

hydrsulicdiameter

frictionfactor

accelerationdueto gratity

,

.
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h heat-transfercoefficient
.

K

K1

k thermalconductivity

heat-exchangercoredimension

one-halffinlen@h

Wandtlnumber,#k

L

Pr

P

R

pressure

gasconstant

Reynoldsnumber,wd/A’~

Stantonnuniber,hA’/w~

temperature,‘R

heat-transferparameter(nu@eroftransferunitsNTUinref.1)

Re
●

St

T

m

t finthickness

specificvolumev

weight-flowratew

L2fdK2x

Y

heat-transfersurfaceareaperunitvolume

(6 inref.1)

u

fineffectiveness

thermal

surface

effectiveness

effectivenesss
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v viscosttybasedonbulk

u ratiooffree-flowarea

subscripts:

ex

f

FljF2~
F3YF4

i

max

min

n

1

2

exit

fin

function

heat-exchangerinlet

maximum

minimum

no-flowdirection

fluidonprimary-air

NACATN 3891

temperature

to frontalarea,A’/AF

fluidonsecondary-air

sideofheatexchanger

Core

Sixtypicalheat-exchanger

.

sideofheatexchanger

ANALYSIS

Confirmations

coreconfigurationsareshownin figure

—

1. l?rictionandheat-transferdatafornumerousgeo&etricalvariations
ofthesetypesof exchangers(88exemplesinall)sregiveninreference
1.

Assumptions

Fortheparticularheat-exchangerapplicationconsideredherein~the
followingassumptionsaremade:

(1)Foreachcoreconfigurationunderinvestigation,thecoregeom-
etryisprescribed.

r
(2)Thefrictionfactorsfl and 12 andtheStantonnumbersSt~

and Stz We knownas functionsoftheReynoldsnumbersRel and Re2 .
ofthetwofluids.
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(3)Crossflowthroughtheheatexchangeris assumed.
.

(4)Thepressurespl,~ and p2 ~ andthetemperaturesTl,~ and

T2,i of’bothfltitisreprescribeda:theheat-exchangerinlet.

(5)TheheatcapacitiesWI%,~ and w2~,~ ofbothfluidsare
prescribed.(men cp,1 ~ ~, 2,W~ and W2 areknown.)

03 (6)TheavailablepressuredropsAPI and 42 ofbothfluidsare3* prescribed.

(7)Thetemperaturedrop -ATl of onefluidorthetemperaturerise
A!172oftheotherfluidisprescribed.

(8)A vd.ueof Fr2/3= 0.75 is assumed.Theheat-transfer
forthecoreconfigurationsof figure1 weretakenfromreference
Pr213=0.75.

data
1 with

h
(9)Heat-exchangerendlossesinpressureareneglected.

. (10)ThesurfaceeffectivenessVO isassumed.

BasicEquations

According
erationofthe

toreference2,undertheforegoingassumptions,consid-
heatbalance,weightfloworheatcapacity,pressuredrop,

andeffectivenessrelationsresultsina systemof fivebasicequations
infiveunknowns.Theequationsmaybe urittenasfollows:

2gd2Ap

()

‘ex 1 2Lf
()
‘ex—+1

Re2w2vi(l+~) - ~ - ‘d(l+ #) ‘i

(1)

(2)

where
.
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&
and.

R(Ti& AT) .
‘ex= Pi -AI. ..

(Sinceequation(2)appliesfor’,eitherfluid,twosuchequationsmaybe
written.Thecorrectalgebraicsignmustaccompanythe
AT ispositivefora temperaturerise
drop.)

l?~= crlRel

(Analternateequationcanbe obtained
and2.)

andnegativefor

by interchanging

The-f’s= effectivenessTo inequation11)was
0.8forthefinson
showninfigure1.
wasassumedforthe
ue of q. couldbe

bothfluidsidesofheatexchangers
Forthefinned-tubeexchgnger(fig.

valueof AT.
a temperature

thesubscripts1 —-

(4)

assumedtobe
suchasthose
l(f))q.= 0.8

finsand VO = 1.0forthetubes.A moreexactval-
determinedfromthefollowingequationsifdesired:

(5j

where

from
‘he ‘hemd ‘effectiveness~T
figure2 (reproducedfromref.

tanhIf$2 (6)

necessaryforevaluationof Tu
1)foruseof equation(1)maybe

—
.

expressedby theequation
ATm

‘T = Tli-T2i
I

(7)
) #

Thefivebasicequations(eqs.(1)to (4))containthefiveunknowns
%) L2>~, Rel,md Re2. A purelyanalyticalsolutionoftheseequa-
tionscannotbe obtained,however,becausethefunctions

E
f,Vo,and St

arecontainedwithintheeqpationsandaregenerallygiveningraphical
form. Consequently,a combinedanalytical-graphicalprocedurewillbe b.—

—
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employed.lErictionandheat-transferrelationsforflowthroughrectan-
gularpassagesaregiveninreference3. Theserelationsare.

f~ = 0.050Rei0”2 (8)

(9)

Forotherflowconfigurations,frictionandheat-transferdataaretaken
fromreference1.

CALCUUTIONPROCEDURE

A coreconfigurationis selected;thispermitsconstructionofthe
appropriatef and ReSt curves,samplesofwhichareshowninfigure
3. Theinletstateofeachfluid,theheatcapacitiesandpressuredrops
of eachfluid,andthetemperaturechangeof onefluidarealsoprescribed.
Thetemperaturechangeoftheotherfluidis determinedfromtheheat-
balanceequation

.
wl~,1 (10)~l+wwp,#% =0

.
andthenumberoftransferunits Tu isdeterminedfromequation(7)
andfigure2. Ifa valueof Rel isassumed,bothtermsintheleft
memberof equation(2)canbe ev~~tedj forthesecalculations~AT2 is
determinedfromequation(10).Afterthevalueof f correspondingto
theassumedRel isdeterminedfromfigure3,~ canbe eva.luatedby
useof equation(2),whichmaybe written~ = F1(Rel).Equation(2)
canbe representedgraphicallyas in figure4 by a seriesof straight
linesfora selectedrangeof variables.FortheassumedRel,thevalue
of (ReSt)lisreadfromfigure3. Equation(1)maythenbe solvedfor
(ReSt)2because(ReSt)2=F2(Rel,~) and Re2 readfromfigure3. A
solutionofequation(2),L2 = F3(Re2)~forfiisv~ue of Re2 ~d the
valueof AT2 determinedfromequation(10)thenyieldsa valueof L2.
Equation(4),AT2= F4(Re&~ L2/Re2)~C- thenbe solvedfor AT2. If
thisvaluedoesnotagreewiththe AT2 obtainedfromequation(10),the

proceduremustbe repeatedfora newassumedvalueof Rel.

Aftera fewsuchcalculationshavebeencompletedfordifferentas-. sumedvaluesof Rel,thefinalcor?ectvaluesof Rel,Re2,Ll,L2,and
~ canredeterminedasfollows.Plot,on figure4,thevaluesof the

. p~=ter (ve~vi)2 correspondingtothevaluesof AT2 determined
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fromequation_(4)againstthevaluesofthe*scissa x . L2f~K where
K = d2(l+ a:). Theintersectionofa curvethroughthesepointswith
thelinerepresentingthevalueof (vex/vi)2correspondingtothe
AT2 determinedfromequation(10)yieldsa pointonfigure4 fromwhich
Re2 canbe determined(fromtheordinate”y“”=K’/Re~where
K~ = 2gd2#p2/P2vi)2(l+ u~))j L2 (from the abscissa x = L2f~K where
K = d2(l+ u;))andthevalueof f correspondingtothis Re2 from *
figure3 canalsobe determinedfromthispoint. c

Rel/~ canbe found OJ
fromequation(4),and(ReSt)lcanthenbe foundfromequation(l).
Fromfigure3,Rel isobtained,and L1 correspondingtothis Rel iS
foundfromequation(2). Thevaluesof ~ canthenbe foundfrom
equation(3).

—

Theproceduredescribedhereinpermitstherapiddeterminationof
thecoresizesofgas-to-gascrossflowheatexchangerswhena numberof.
coreconfigurationsaretobe studied.1% isequallyapplicablefor
studyingheat-exchangercoresizesfora selectedconfigurationwhendif-
ferentfluidconditionsareprescribed.Ineithercase,threetrialSOIU- ●

tionsforeachconfigurationand/oreachsetofprescribedfluidcondi-
tionsaresufficientto determinethecurvewhichwheninsertedonfigure
4, oran extensionthereof,permitsthecalculationofthedesiredfinal .

coredimensions.In contrasttothis,applicationofthemethodofref-
erence2 requirestheconstructionofa seriesofnewchartsforeach
setoffluidconditions

Theheat-exchanger
configurationsshownin

andforeachcoreco~iguration. .—

NUMERICALCALCULATIONS —

corelengthsfortwooftheheat-exchangercore
figure1 werecalculated.Theselectedcorecon-

figurationsweretheplainfinandthefinnedtube.Thevaluesof d,a,
and a fortheseconfigurationsandtheprescribedinletandexitstates
ofbothfluids,prescribedyressuredropsofbothfluids,andprescribed
temperaturechangeofonefluidarelistedh tableI. Foreach&ample,
thevslue“ofW#p,2 is’takenastwicethatof wl~,lj thatis,from
equation(10),AT2

I
isequalto l/2AT~.

Thefrictionandheat-transferdatafortheflowoftheprimary
fluidthroughthefinned-tubeexchangerme presentedinf@ure_~_andsre
thegraphicalrepresentationsof equations(8)and(9)with
Frictiouandheat-transferdatafor.thePlain-finex~~ger
secondaryfluidinthefinned-tubeexchangerme takenfrom
andpresentedinfigure6.:Thesecurvesare similartothe
offigure3 discussedinthesectionPROCED~.

\

prz/3= 0.750
andforthe .
reference1“
samplecurves

.
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Plain-Fin.Exchanger

By theprocedureoutlinedpreviously,threetrialsolutionswereob-
tainedtorassumedvaluesof Rel equalto 4800,4600,and43W. From
thefirstsetof conditions,givenintableI, valuesof v~vi forthe
fluids1 and2 werefoundtobe 0.46and3.57,respectively.Theseval-
ueswereusedinthetrialsolutions.Resultsofthetrialsolutionsare
listedintable11. Correspondingtotheassumedvsluesof Rel,the
followingpointsresultingfromthetrialsolutionsareplottedonfigure
7: m(–)‘ex f2L2

‘i 2 T

2.83 0.88
3.69 1.44
5.87 2.86

.
y Thepointof intersectionofthecurvejoiningthesethreepointswith

● thecurverepresentingthecorrectvalue3.57ofthepsrameter(v~vi)z
5 . yieldedan ordinateof about14.90andanabscissaof about1.36(see

fig.7). Thefinalsolutionobtained%yuseofthisintersectionpoint—
wasfoundtobe

D

RelLl, Re2
ft

46503.6036500.9510.461

Inorderto determinetheeffectofdifferentfluidconditions.on
heat-exchangercoredimensions,theplain-fiuexchangerwasinvestigated
fora secondsetof fluidconditions(givenintableI). Thevaluesof
‘ex/viforfluids1 and2 forthisexsmplewerefoundtobe 0.86and
1.98,respectively.Trialsolutionsobtainedforthreeassumedvalues
of R% equal-
lowingpoints,
7:

to 7500,73(M,and7000arelistedintableII. Thefol-
resultimgfromthetrialsolutionsareplottedin figure

01‘ex f2L2——
vi2K

-L1.95 0.84
2.08 loll
2.36 1.67

.

.
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Thecurvejoiningthesepointsintersectsthelinerepresentingtheap-
propriate value of (ve#vi)2= 1.98at
abscissaof0.91.Thefinalsolution,

an ordinateofabout6.4andan
correspondingto thispoint,is

L&Rel ~,Re2
ft

73702.674409---HL2> h>
ft ft

0.660.49

Finned-TubeExchanger

Inorderto demonstratethedifferenceincoredimensionsfordif-
ferentcoreconfigurationsunderidenticalfluidconditions,a finned-
tubeexchangerwasinvestigatedforfluidconditionsidenticaltothose
of conditionsI fortheplain-finexchqge.r.Consequently,thevalues
of veJvi forfluids1 and2 sxeidenticaltothoseoftheplain-fin
exchanger,nsmely,0.46and3.57,respectively.Trialsolutionsforthe
finned-tubeexchangerforassumedvaluesof-Rel equalto 21,000,20,550,
and20,000werefoundandarelistedintableII. Correspondingto these
assumedvaluesof Rel,thepointsplottedinfigure7 forthisexample _
are

r ,

EH()‘ex f#2
——
vi2K

2.92 1.32
3.54 1.81
4.69 2.68

Thecurvejoiningthesethreepointsintersectsthelinerepresentingthe
correctvalue3.57ofthepsramder(v~vi)2 (thisisthesamelineused
fordeterminingtheintersectionpointfortheplain-finexchangerfor
conditions1,since(ve~vi)2= 3.57forbothexchangers)atanordinate
ofabout19.30andan abscissaofabout1.83(fig.7). Thefinaisoiu-
tionwasfoundtobe

-=

t?
ka

—
.-

.

.—

.

.

.

.
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ACCURACYOFSOLUTIONS

Thedimensionsof theheat-exchangercores
configurationsconsideredhereinwereusedina

obtainedforthecore
conventionalcalculation

procedurepresentedinreference1 fordeterminingthepressuredropand
temperaturechangeswhencoredimensionsareknown.Bythisprocedure,
a checkontheaccuracyofthepresentmethodispossible.Fortheplain-
finandfinned-tubecorecotiigurtitions,deviationsinthetemperature
changesbetweenthetwosolutionswerelimitedto lessthan1 percentand
inthepressuredropto lessthan3 percent.

GENERALCOMMENTS

Fromtheexampleschosento demonstratetheprocedure,onecanob-
servehowchangesingasconditionsandcoreconfigurationappreciably
affectthecoredimensions.Thisindicatesthatan investigationi~-
cludinga numberof differentconfigurationsmaybe necessaryforevery
anticipatedapplicationandthattheconfigurationbestsatisfyingthe
space,weight,orfrontal-arearequirementsfortheapplicationcanthen
be selected.It isforsuchinvestigationsthatthemethodpresented

-d hereinIsuseful.

LewisFlightPropulsionLaboratory
NationalAdtisoryCommitteefor

Cleveland,Ohio,Septeriber
Aeronautics
25,1956

1.Kays,W. M.,andLondon,
ofBasicHeatTransfer

REFERENCES

A. L.: CompactHeatExchangers- A Sumnary
andFlowFunctionDesignData. Tech.Rep.

23,Dept.Mech.Eng.,StanfordUniv.,Nov.15,1954. [Contract
N6-ONR-251,TaskOrder6 (NR-O65-1O4)forOfficeNavalRes.)

2.Eckert,E. R. G.,andDiaguila,AnthonyJ.: MethodofCalculating
CoreDimensionsof CrossflowHeatExchangerwithPrescribedGas
FlowsandInletandExitStates.N&A TN 3655,1956.

3.Ksys,W.M.: BasicHeatTransferandFlowIYictionDesignDatafor
GasFlowinCircularandRectangularCylindricalTubeHeatEx-
changers.Tech.Rep.14,Dept.Mech.Eng.,StanfordUniv.,June15,
1951. (ContractN6-ONR-251,TaskOrder6 (NR-O65-1O4)forOffice
NavalRes.)



12 NACA

TA.13LFII. - P~CRIBED CONDITIONSANDCOREGEOMETRY

*’XC’’”’=Plain-finexchangerFinned-tub6

I I I 11 I
q, %

AT1,%
T2,OR
PI,lb~sqftabs
API,lb/sqft
P2~lb/sqftabs
Ap2,lb/sqft

,
wl~,l/w2cp,2
wl,lb/see
al,ft
d2,ft
al,ft-~
q, ft-1
al
02

no,1
Vo,2

1600
-1OOO
400
5300
1000
1082
400
0.5
2.7

0.00598
0.00598
259.88
259.88
0.388
0.388
0.80
0.80

1000

-300
600
5300
1000
1082
400
0.5
2.7

0.00598
0.00598
259.88
259.88
0.388
0.388
0.80
0.80

1600
-1OOO
400

53Cm
1000
1082
400
0.5
2.7

0.018
0.0118
48.78
229

0.219
0.697
1.00
0.80

TN 3891 _

r

.
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TABLEII. - RESULTSOFTRIALSOLUTIONS

Rel ~, Re2 LZ~ ~z
()
‘ex

f% ft oR —‘i 2

Plain-finexchanger(condition1)

4800 3.38 4320 0.64 314.4 2.83
4600 3.63-3550 .99 529.8 3.69
4300 4.09 2630 1.811079.35.87

Plain-finexchanger(conditionII)

7500 2.61 4570 0.61 136.51.95
7300 2.72 4060 .79 185.32.08
7000 2.92 3380 1.15 290.92.36m

.

.
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(a)Plainfin.

..

(c)Plnfin.

IUCATN

(b)Louveredfin.

.

(a)W.svyfin.

3891
.

●

.

(e)Strlpffn. (f’)~innedtube.

F@re 1.-Typicalheat-exchangercoreconfiguration.
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Figure2. - Performance
ramixed(ref~1).
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transferunits,Tu.

of crossflowheatexchangerwithfluids
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Reynoldsnumber,Re

Figure3. - Typicalchartoffrictionand
heat-transfercharacteristics.

.—— — ——

I
J

x

Figure4. - Typicalchartofequation(2) withtypical

.

.

.

.
trialsolutions.
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throughrecta

7
larpassages.Prfmaryfluid;rlnned-tube
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(a)Plain-finexchanger.

J
!

.06

c-l

—

.

0 2
R~~oldsnu~ber,Re2=8 ““

10 12Xio3
— .—

(b)Finned-tubeexchanger;secondaryfluid.

Figure6.- Heat-transferandfrictioncharacteristicsoftypical
~r2\3

.
heat-exchangercore. = 0.75.
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